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PREFACE

The work reported herein had its beginning early in 1975 when the Air
Force Weapons Laboratory (AFWL) sponsored a small-scale cylindrical laser
experiment, the RASER (radial laser), at The Aerospace Corporation. The
authors express their appreciation for the patience and encouragement of the
AFWL personnel, in particular, Colonels J. Rich and D. Olson and Dr. L.

Wilson.

We acknowledge the contribution of the many at Aerospace who have sup-
ported the effort over the years. In the laboratory machine shop R. L. Smith,
E. A. Tucker, B. Perry, A. Wike, and H. Paul performed outstandingly to make
the nozzle hardware. Thanks are due also R, Pedley (deceased), R. L. Lott and

G. Bronson (consultant) for their contributions to our designs.

M. E. Gerard was in large part responsible for building the test facility
and setting up the experiment. He was assisted by A. Wildvank, R. R. Valenzuela,
J. T. Valero, and R. G. Aurandt. J. Narduzzi was responsible for most of the

controls and instrumentation in the facility.

When the use of gaseous fluorine was required, R. E. Cook built a new
handling system and has operated it throughout the test program without
incident. Valuable technical support was provided by other members of the
laboratory staff during the test phase. D. A. Storvick took high—speed color
photographs of the chemiluminescent flow, E. F. Cross and O. L. Gibb recorded
flow stability at various operating conditions with a high-sensitivity video
system, G. 1. Segal resolved complex pitot-pressure scans by averaging on a
PDPI1 computer, and R. H. Ueunten and Dr. A. Kwok (with Segal) obtained spec-

tra from a very weak source for determining flow temperature and chemistry.

K. L. Foster assisted in the computer calculations using the DESALE and
NEST codes, which served as the analytical basis for this experiment and for

parametric studies of cylindrical lasers in general.
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I. BACKGROUND

With the advent of high—powered chemical lasers operating at cavity
pressures of 10 to 20 Torr, considerable attention has been given the pressure
recovery in a supersonic diffuser attached to these devices.l-5 The large
amount of chemical energy released in ti: diffuser makes the design critical,
because good pressure recovery can ordinarily be obtained only for conditions
where laser efficiency is low. Nevertheless, systems have been tested where
80% of the pressure recovery in a normal shock has been obtained for diffuser

inlet Mach numbers of from 2 to 4 at practical laser operating conditions.

As the lasers increased in size, it was expedient to change from a linear
to a cylindrical configuration. Instead of having a very long nozzle assembly
with a long cavity, the nozzle is arranged in a cylindrical fashion so that
the cavity is an annulus. However, other aspects of the laser are complicated
by such an arrangement, for example, the optics required to couple to an annu-
lar gain region. The diffuser for the cvlindrical Viser, although not intrin-
sically different from that for a linear laser, becomes very large in weight
and volume. For this reason, the possibiliiy of operating a cylindrical laser

without a supersonic diffuser has been considered.

We propose that a normal shock in the radial flow be located downstream

of the cavity, the position of which is established by the back-pressure level

lw. R. Warren, Jr., Reacting "1ow .ind Pressure Recovery Processes in
HF/DF Chemical Lasers, TR-0074(9240-02)~-1, The Aerospace Corporation,
£l Segundo, Calif. (30 Noveaher 1973).

ZD. G. Hook et al., HF/DF Chemical Laser Toechnology Studies, AFWL-TR-
74-150, TRW, Inc., Redondo Beach, Calif. (October 1974).

D. A, Durran and S. W. Liu, Pressure Recovery in a Constant-Area Diffuser
for Chemical Lasers with Nozzle Base Relief, TR-0075(5533)-3, The Aerospace
Corporation, El Segundo, Calif. (30 June 1975).

R. 1. Teper and H. A, Arbit, Chemical Laser Advanced Diffuser/Ejector,
RI/RD-78~102, Rocketdyne Division, Rockwell International (January 1978).
F. R. Zumpano, R. N. Guile, and W. A. FEckerle, Vaned Diffuser and
Supersonic/Supersonic Fjector Screening Investigations, TR-R80-Y14767-1,
United Technology Research Center, Fast lHart{ord, Connecticut (June [980).




in the exhaust ducting (at or near ambient). This is analogous to the normal
shock standing in the expanding section of a supersonic nozzle, which again is
caused by the back-pressure level. Obviously, the position of the shock would
automatically adjust to different radii (area ratio positions) as the back
pressure varies; thus, in practice, the system offers a simple, lightweight
pressure-recovery technique that would passively adjust itself to permit
operation over an appreciable range of ambient pressures (i.e., altitudes).
The feasibility question that is being asked is, "Will such a normal shock
structure be stable in reacting radial flow?"” In addition, the influence on
stability of nonuniformities in the flow coming from a typical laser nozzle

must be assessed.

An experiment that was performed to answer these questions is described
in this report. It was hoped that the results, if favorable, would be useful

in guiding the development programs for large cylindrical lasers.




II. TECHNICAL APPROACH

In designing an experiment to demonstrate the stability of a normal shock
in a reacting radial flow with nonuniformities, the scaling of the test device
is very important. Obviously, a test in full-scale hardware would be most
beneficial, but it would also be very expensive. Therefore, a small-scale
experiment was planned with as many of the features of the full-scale hardware
included as reasonably possible. The actual size (i.e., total flow rate) was

limited by the facilities available.

lLLaser facilities in the laboratorv were conceived for arc-heated devices
with a total flow rate of about 25 g/sec at pressure levels of 5 to 10 Torr.
Because it was desirable to simulate the cold-reaction HF laser, which oper-—
ates with hiegh levels of F-atonm concentration (g = 1.0 and TO = 1800 K), a
nozzle with 4 total avea of 91 cm2 operating at 1 atm was selected. To keep
end effects to a nminimum, a length-to-diamecter ratio of ! for the inlet to the
cavitv was miintained. This would permit cnouph room in the bodv of the

nozzle (it was hoped) to feed gases and cocling water from one end.

The weneral arrangement for the esvericent is shown in Figure 1. The
cvlindrical nozzle, 3.8 cm in diameter and 7.0 ¢m lonr, is surrounded by a
tornvidal compression chamber that collects the reacting flow between end walls
that can be adjusted in their spacing lengthwise and have a fixed l.5-¢nm
standatf from the nozzle. Bv adijusting the area of the exhaust from this
chamber, a pressure can bhe established that will support a normal shock at the
inlet (i.e., 1.5 cm above the nczzle). Iind {low that passes outside the com—
nression chamber (as well as that exhausting from it) is collected in the test
section and conveved to the exhaust svsten.  This arrangement can be compared
to the full-scale system in that the flow through the shock would be passed to
ambient pressure (or to the next stage of pumping), whereas the end flow would

he energized with cavitv purges and diffused or combined with the main flow.

The nozzle design selected for this experiment is shown in Figure 2.
Although it is a compromisc necessitated by the small scale of the experiment,

it is essentiallv a slit design. That is, the dilute oxidizer and the fuel




TEST SECTION ———

d

CYUINDRICAL —~
NOZZLE ™

~ PROIBE PITOT

~ COMPRESSION CHAMBER

E /

) T ExXHAUST
SYITEM

- QPTICS DLCT
/__

laserd

ARC H[AHR-\I T

-

|
38 mm
)

1

15 mm

T

tXPECTED
POSITION OF
NORMAL SHOCK

Experiment Setup

10




gy - <8 o

33
¥4
LY
7-‘.
b 0.71 DIAMETER
Figure 2. Cylindrical Nozzle Design
~
0]

1
€




issue from adjacent slits such that nonuniformities are at right angles to the
optical axis (i.e., axis of the nozzle). In the case of the oxidizer nozzle,
there are individual circular throats that expand to rectangular exits, which
form a contiguous flow around the periphery of the cylinder. This arrangement
does produce nonuniformities in the direction of the optical axis as a result
of boundary layers, but it is necessary in order to provide room for the fuel

manifold and water cooling passages.

Calculated flow conditions for the cavity region of this nozzle are shown
in Figure 3. These results were obtained with the use of the DESALE-3 compu-
ter code. Note that the nozzle operates with a mixed diluent (i.e., NZ and
He). It was determined in early tests of battleship hardware that the mixed
diluent was required to get enough energy into the plenum gases with the arc
heater that was available. The jump in conditions at 1.5 cm is due to the
presence of a normal shock; conditions downstream of the shock were calculated

with the use of the NEST computer code.

Several runs were made with NEST for the shock located at different
positions, and the total downstream pressure versus shock position is plotted
in Figure 4. The results indicate a decreasing total pressure with radial
position, a necessary condition for normal shock stability. Any disturbance
in the shock position will result in pressure changes in the flow that will
restore the shock to its original position. Note that the sharp drop in total
pressure as the flow expands permits the use of a pitot measurement to ascer-
tain the position of the normal shock. In the subsonic region, the pitot
pressure will be essentially constant. Also, the flow immediately downstrean
of the shock should be more luminous as a result of the higher temperature and
increased rate of chemical reactions. Therefore, visual means can be used to

verify the presence and stability of the normal shock.
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III. FABRICATION

It was obvious at the beginning of the program that the fabrication of
the small cylindrical nozzle would be the critical item. The plan was to
assemble the nozzle by soldering (450°F) washers that contained the expansion
sections of the oxidizer nozzle and metering slits for the fuel manifold onto
an electroformed core that contained the oxidizer throats and the cooling
water passages. This arrangement is indicated in the photographs of Figure
5. These sample parts were made early in the fabrication cycle so that a flow
test of the nozzle could be made to determine its characteristics. No cooling
passages were required and are, therefore, not visible in Figure 5. (The in-
set in Figure 5 is a cross section of the core with the cooling passages in

position.)

Great difficulty was experienced in coring the holes for the cooling
water passages. Initially aluminum wire was used that had a small slot on the
back side so the sodium hydroxide (Figure 6) used to remove them could be
pumped through the entire length of the passage. Because the wires were not
sealed in place, the electrolyte penetrated into these slots, leached out
during the plating process, and inhibited the bond on the substrate
material. Waxing of the cores was judged to be impractical because the design
required a raised core configuration that could not be machined or cleaned.

An attempt was made to use Cerrobend, a low—melting—point eutectic of bismuth
and lead. Test specimens were made (Figure 7) that proved to be entirely
adequate when subjected to a hydrotest at 2000 psi. A core was completed
(Figure 8) but failed when the Cerrobend was melted out, probably because of
the partial melting of the alloy in closed-off portions of the passages and

the resultant expansion that induced very high stresses.
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Figure 7.

Cerrobend Core Specimen
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Figure 8.

Completed Electroformed Core

19




IV. ALTERNATE APPROACH

Racause so rwuch trouble was experienced in fabricating a nozzle with
cooling water passages, an alternate approach was considered. The essential
feature required for the demonstration of the stability of the normal shock
was that the flow be chemically reacting and contain nonuniformities. Success
had been achieved in the laboratory in obtaining stable flames in linear noz-
zle configurations using the chain reaction and initiating the reaction with
nitric oxide (NO). These were low Mach-number flows with plenum conditions of
0.1 atm and 300 K. 1t seemed promising to consider using this technology in
the normal shock experiment hecause the hardware could be uncooled and there
would certainly be abundant heat released from the chain reaction. A simple
nozzle design was required because so much time and expense had been expended
in trying to fabricate the other nozzle. Furthermore, the chain reaction
would require the use of gaseous fluorine. (Sulfur hexafluoride was the

source of F~atoms in the arc~heated laser.)

A very crude nozzle design was selected and is shown in Figure 9. The
oxidizer nozzle is formed by contours machined in nickel washers that are
slipped over 60 stainless steel tubes. The spaces between the tubes and the
washers provide the throats. Note that there is no seal between the tubes and
washers (a simple mechanical fit), so the gases in the plenum can leak through
crevices around the throat. Although very undesirable from the standpoint of
a good nozzle, this arrangement made assembly and disassembly very easy. The
stainless stecl tubes are fuel manifolds that are provided with a small ori-
fice at each oxidizer nozzle for the injection of the fuel. If this cylindri-
cal nozzle arrangement was unrolled and laid out flat, the configuration would
be as shown in Figure 10. It is obvious that there is a large amount of base
area between nozzles and between oxidizer and fuel. This condition is not
characteristic of good laser nozzle design, but would result in nonuniformi-
ties in the flow that would be a more severe test for shock stability. A

photograph of the nozzle prior to assembly is shown in Figure 11l.
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V. COLD FLOW TESTS

Because the design of the nozzle was so unorthodox, a small sample
assembly was fabricated for cold-flow tests (Figure 12). By means of pitot
pressure measurements with an axial, a radial, and a circumferential traverse,
the quality of the flow from the nozzle could be assessed. A typical axial
scan across the oxidizer and fuel openings is shown in Figures 13a and 13b,
respectively. A circumferential scan around the oxidizer openings is shown in
Figure l4. 1t was apparent that the radial extent of the supersonic flow from
the nozzle is a few millimeters, not the 1.5 cm expected from the other nozzle
design. In addition, the large variations in the pitot pressure observed
during the circumferential scan at 12 Torr indicated that the nonuniformities

would indeed be very large.

The nozzle assembly was completed and is shown in Figure 15. It was
mounted in the test section, and an axial pitot pressure scan across the 11
oxidizer openings at the center of the nozzle was made. The data taken at a
radial position of 0.5 mm are shown in Figure 16. It was noted that the low-
est back pressure that could be achieved with nominal flow rates (cold) and
with the use of the maximum facility vacuum pumping capacity was approximately
15 Torr. It was expected that back pressure with reaction would be somewhat
higher because of the high-~temperature exhaust, so the supersonic portion of
the flow would be further degraded. It was decided that the length of the
nozzle assembly should be decreased by about 337% so that the mass flow could
be reduced, reducing the back pressure on the flow by a small amount (4 or 5

Torr).
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Figure 14, Circumferential Scan Around Oxidizer Jets; Py = 1 atm, Pe = 12 Torr
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Figure 15. Nozzle Assembly
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VI. HOT FLOW TESTS

A plenum temperature of 800 K was originally to be obtained by heating

the diluent (in this design, nitrogen) to a temperature of approximately 1200

K in a resistance heater and mixing with gaseous fluorine. This mixture would
be passed through a heat exchanger to heat the hydrogen entering the fuel man-
ifolds so that there would not be a temperature gradient along the length of
the nozzle. The final temperature of the gases in the plenum would be 800 K

at a pressure of 1 atm. Initial tests with nitrogen substituted for fluorine
revealed that these plenum conditions could be achieved (Figure 17). However,
there was a significant gradient in the temperature of the flow from one end

of the nozzle to the other, and the stagnation temperatures in the flow were
considerably lower than in the plenum. These factors indicated that the pre-
heating of the hydrogen was inadequate. During the hot, nonreacting flow tests,
the heater used to heat the nitrogen failed twice, once in a minor incident and

finally with a major failure in the chamber insulator (Figure 18).

As mentioned previously, it was expected that NO would be required to
initiate the reaction because the F-atom concentration at 800 K and 1 atm is
extremely small. This, together with the wide separation of the fuel and
oxidizer in the nozzle design, would make ignition difficult if not impossi-
ble. Tests on the program up to this point had not used any NO because of
increasing resistance from the health and safety offices against releasing
small amounts of NO/NO2 into the atmosphere. The scrubber on the laser

facilities, although effective for HF and Fo, does not remove NOx.

Because of this restriction and the problems encountered with the heater,
it was decided to use combustion to heat the gases in the plenum. It was
hoped that there might be some nonequilibrium F-atoms left over from the
combustion that would serve as the reaction initiator. Figure 19 is & sche-
matic of the combustor. The reactants are injected through six doublets in a
small chamber separate from the nozzle plenum. A small amount of deuterium is
mixed with all the fluorine and reacts with essentially no diluent. (A small

amount of nitrogen is injected with the D, to serve as a purge to prevent F,
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Figure 18. Nitrogen Heater
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from ever getting into the feed lines.) The nitrogen diluent is then mixed
with the combustion gases while passing through the heat exchanger for the
fuel. A nickel-sheathed, chromel-alumel thermocouple measures the temperature

of the gases in the plenum.
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VII. REACTIVE FLOW TESTS

With the use of the combustor configuration, a series of reactive flow
tests were undertaken. The nominal operating conditions are listed in Figure
19. It was apparent from the beginning that there were sufficient F-atoms
left over from the combustion to reliably initiate the reaction in the flow
out of the nozzle. If the D, was not injected at the start of a run, there
would be no reaction in the nozzle flow, but often a detonation occurred
downstream in the exhaust system. If the D, was turned off during a run, the
reaction in the nozzle flow stopped, but reaction continued on hot parts

downstream.

Initial tests with the compression chamber in position around the nozzle
(Figure 1) did not reveal any evidence of a shock structure in the flow as
observed through viewing ports in the chamber. Rather, the flow appeared to
be impeded by the chamber with a large portion of it turning to exit from the
openings at each end. The compression chamber was removed, and the nozzle
permitted to exhaust directly into the test section (approximately 35 cm wide
by 35 ecm high by 60 cm long). A definite layering was then observed in the
flow as shown by the photographs in Figure 20. These pictures were taken with
ASA 800 Ektachrome film with a l-sec exposure at f 1.8. The two images are
formed by a mirror system that permits half of each frame to show the end view
and the other half the side view of the nozzle. The color of the chemilumi-
nescent flow is a pale orange in the inner region (end view) with a bright
orange layer ‘shock?) surrounded by a region of decreasing orange brightness
as the flow expands. The radial position of the luminous layer is a function
of the back pressure established by throttling the exhaust leaving the test

section (Figure 20).

Infrared video pictures taken of the flow field at 30 frames/sec indi-
cated that the position of the layered structure is stable in time and, in
general, moves in a steady manner as the back pressure is changed. There does
appear to be hysteresis in local areas of nonuniform flow as the pressure is

reduced and the layer moves out. The layer at these locations appears to
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"jump" to stable positions rather than move in a steady manner. These visual
observations indicate the layer has characteristics that could be associated
with a complex shock-wave structure. That is, the position of the shock layer
is established by back pressure, its movement with back pressure indicates
hysteresis that is typical of shock systems, and the side view of the layer is

what one would expect the shock shape to be, considering end effects.

Although the evidence of chemiluminescence is qualitatively correct for
the existence of a normal shock, several measurements were made in the flow to

provide quantitative evidence.
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VIII. PRESSURE MEASUREMENTS

As mentioned before, it was planned that the existence of a normal shock
could be confirmed by pitot—-pressure measurements in the radial flow. However,
the presence of large nonuniformities and the small extent of the undisturbed
supersonic flow from the nozzle jets made the pitot-pressure measurements
difficult to interpret. For example, Figure 21 indicates the pitot pressure
measured 2 mm from the surface of the nozzle with the use of a probe of 0.25
mm diameter to scan axially the center region of the cylindrical nozzle. In
Figure 22 is shown the pitot pressure in a radial scan above oxidizer nozzle

jet 7 for the same flow conditions.

It appears chat there are three regions in the radial flow in which the
pitot-pressure results require different interpretation. In Figure 22 the
region from the nozzle surface to a radial position of 1.5 to 2 mm is domina-
ted by the behavior of individual jets. Using the results of the cold-flow
tests (Figure 13), one can characterize the oxidizer and fuel orifices as
shown in Figure 23a and 23b, respectively. Consideriug he large divergence
in the flow from both of these jets, it is expected that they would expand
into the area between them at a very short range (i.e., 1.5 to 2 mm). This
explains the sharp drop in pitot pressure measured within a distance of 1.5 mm

during the radial scan (Figure 22).

Beyond 1.5 to 2 mm, the jets appear to interact, and there are resultant
peaks in the pitot pressure observed in both the radial scan and axial scan
(Figure 21). 1If this is the case, the diffusion process has already begun,
and the static pressure is increasing, but with some loss in the total pres-

sure as a result of the interaction shock losses.

The data taken during axial scans over the region from 2 to 14 mm were
averaged using a PDPll computer, and these results are plotted in Figure 24
as average pitot pressure versus radial position. The average pitot pressure
approximates the value for the individual jets at 2 mm and then decreases
monotonically with radius, as one would expect for a radially expanding

supersonic flow. The curvature downward could be the result of total pressure
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loss resulting from successive interaction shock losses. It is evident from
the radial scan on nozzle 7 (Figure 22) that there is a shock train. However,
the error bars on the average pitot-pressure results are of the order of 10

Torr wide, so not too much significance should be ascribed to curvature.

The third region in which the pitot pressure has still another interpre-
tation lies beyond approximately 10 mm. In this region, the large nonunifor-
mities observed in the axial scans are virtually gone, and the change of pitot
pressure with radial position is greatly reduced (Figures 22 and 24). Because
this is the region in which the luminous layer also appears in the flow with a
back pressure of 14 Torr, one is lead to the conclusion that a normal shock
has occurred: the flow is hot and subsonic, the reaction rates are greatly

increased, and the nonuniformities are smeared away.

The pitot-pressure measurement was also used to confirm that the flow as
a whole in the region inside the normal shock was supersonic. This was done
by observing the “zone of silence" that exists as the back (downstream) pres-

sure was increased. The pitot probe was fixed at a particular radial position,

and the back pressure was increased until the pitot-pressure reading changed.
The results of this “pressure scan" are shown in Figure 25 where the back
pressure at which the pitot pressure is influenced, the critical pressure, is
plotted against radial position. Two cases are shown, the probe in line with
nozzle 7 and then moved to the space between nozzles 7 and 6 (i.e., a base
region). Note that both locations give the same critical pressure except at
the inner radial positions, indicating that the flow as a whole is supersonic
and acts as a more-or~less uniform flow field. Incidentally, the "zone of
silence” results give shock locations as a function of back pressure very
similar to the photographs of the chemiluminescent layer. About a 3-Torr
difference in pressure level does exist between the "zone” and layer posi-
tions, which could be attributed to differences in the dynamic pressure
component of the "static" pressure measurement made with different instrumen-
tation at different locations for the two test series. In addition, the exact
back pressure at which the pitot pressure was disturbed at the larger radial

positions was difficult to select because the disturbance there was relatively

small (i.e., flow already somewhat diffused).
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Having verified that the inner region is supersonic, a pitot-static mea-
surement was made downstream of the shock layer to verify that the flow here
is subsonic. Because the flow in this region is quite uniform, a larger probe
could be used (Figure 26). Four static-pressure ports are located on a 5-deg
wedge, and three total pressure ports are located on the opposite side approx-
imately 0.5 mm from the sharp leading edge. Data were taken with a single
transducer in a Scanivalve. Radial scans witn the probe were made slowly to
minimize transients in the tubulations to the Scanivalve. The results of
these measurements are shown in Figure 27 where Mach No. is plotted against
radial position. As expected, the flow is subsonic. The subsonic diffusion
that should occur as the flow expands radially is offset by the change in flow
area in the axial direction that is evident from the chemiluminescence in the

side view photographs (Figure 20).

Note that the Mach No. behind the shock is quite high (0.95), implying
that the Mach No. of the flow immediately upstream of a normal shock is low
(Hl x My =1, M} = 1.05). Therefore, the static-pressure rise across the
shock is very small (2 Torr). This is consistent with the small disturbances
observed in the “"zone of silence” tests. The dashed curves in the supersonic
region of Figure 27 are estimates based on pitot-pressure data and the 6-Torr

static pressure measured at the surface of the nozzle.
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Figure 26. Pitot~Static Pressure Probe
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IX. TEMPERATURE MEASUREMENTS

Although the pressure measurements appear to be conclusive in establish-
ing that a stable, normal shock exists in the flow, additional evidence was

desired. A series of tests were carried out in which the rotational tempera-
ture of the flow as a function of the radial position was evaluated from the

J-distribution of the v = 3 state of HF.6

In addition, the relative popu-
lation of the HF(v = 3) state as a function of radial position would also be
indicative of the rate and extent of the reaction on the chain. The setup for

these tests is shown in Figure 28; the results are given in Figure 29.

Both the temperature and the HF(v = 3) population increase at the loca-
tion of the shock as observed by IRTV. The drop in temperature downstream is
believed to be associated with the mixing of the reacting flow with the hydro-
gen layer that is flowing on both sides (Figure 19). An unshielded thermo-

couple placed in the reacting flow at a radial position 3 cm from the nozzle

(90 deg away from the radial scan of the spectrograph) recorded approximately
1100 K. This temperature is nearer the value that one would expect for the

completely reacted flow (1250 K). !

M. A. Kwok, S. J. Spencer, and R. W. F., Gross, Chemiluminescence from the
Supersonic Jet of a CW He Chemical Laser, J. Appl. Phys. 45 (8) :
(August 1974).
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X. CONCLUSIONS AND RECOMMENDATIONS

A small-scale reacting radial flow has been generated that is similar to
the flow expected in large-scale HF(DF) cylindrical lasers. Heat release in
the flow is obtained from the chain reaction, and large flow nonuniformities

are present because of a rather simple nozzle design.

The flow is readily visualized because of the chemical reactions that
occur and can be photographed with high—-speed color film and recorded on a
highly sensitive video—tape system. Photographs reveal a shock structure that
is stable and that can be located at any radial position by setting the down-
stream pressure into which the flow exhausts. Video records indicate that the
shock has temporal stability and exhibits the hysteresis phenomena with pres—

sure changes that are characteristic of shock systems.

Pitot—pressure measurements indicate that the flow upstream of the shock :
is sunersonic and quite nonuniform. Pitot~static-pressure measurements down=-
stream of the shock reveal that the flow is subsonic, with the Mach No. de-
creasing as the distance from the nozzle increases. Rotational temperature
measurements using a spatial, spectral scanning spectrograph indicate that the
static temperature increases sharply at the position of the shock as does the

production of HF(v = 3).

Most pressure and temperature data were taken with the shock located at a
radial position approximately 2 cm from the nozzle. At this location, the
shock is stable and appears to be relatively weak with an upstream Mach No. of

1.05 to 1.10. Although the initial Mach No. of the primary and secondary jets

is much higher, we believe the low Mach No. at 2 cm is the result of large
shock interaction losses associated with the flow into large base regions of
this particular nozzle and/or mixing with low-momentum flow "leaking” into

these areas because of the mechanical type of assembly of the nozzle.

Because the relatively weak shock observed here is definitely stable, we
expect that higher Mach No. flows involving stronger shocks would also be

‘table. This is expected because the loss of total pressure across a normal
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shock increases with the Mach No. of the flow, thereby “stiffening”™ the shock
to any disturbing etfects such as nonuniformities in the flow or rapid chemi-
cal reactions that heat the flow. In fact, in this experiment, when the back
pressure was increased so the shock moved in to regions of higher Mach No.,

greater flow nonuniformities and increased unreacted chemistry, the stability

of the shock as observed with IRTV appeared to be unaffected.

In view of the results obtained in this small-scaic experiment, we believe
that it is feasible to operate a cylindrical, chemical laser without a super-
sonic diffuser and to obtain 1007 of normal shock recovery with no loss in

laser efficiency.

Therefore, we recommend that additional tests be performed to verify
these results in a mid-scale and full-scale facility. In Figure 30, we show
schematically the arrangement for an experiment with a medium-size laser in
which all the properties of the typical cylindrical laser can be incorpo-
rated. The gain region would be of sufficient size to permit flow diagnostics
and also to study laser operation with annular optics. In addition, the ques-
tion of end effects on the flow and optics enclosures could be addressed, and
the actual pressure recovery of the system to the point of a subsonic duct

outlet{s) could be measured.

When, and if, one should become available, a large-size laser would give

the opportunity to further evaluate these concepts at practical flow

dimensions.

The practical advantages of the free—standing normal shock-layer pressure-

recovery concept for cylindrical laser geometries follow:

I It eliminates the need for the massive aerodynamic diffuser hardware
usually associated with high-energy-laser pressure-recovery systems.
This will be of importance in airborne applications where weight and
volume are crucial systems parameters and, also, in the ground test-
ing of large-scale, low-pressure lasers where the pumping limita-
tions of exhaust systems require a maximum pressure level of their
inlet gases.

2. It produces the pressure recovery across a thin shock layer rather
than across a long (in the radial direction) diffuser structure
where, for a cylindrical laser, the exit area is much larger than
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the inlet area. This area effect difference (from a simple analysis
of the governing conservation equations) provides a 20 to 40% advan-
tage in potential pressure recovery to the normal shock concept,
depending on laser size and design.

3. It essentially is an unstarted supersonic wind tunnel process. That
is, when the laser device is started against a given back pressure,
the shock front moves through the nozzles, across the laser cavity
region, and to its final position as the laser device mass flows and
pressures rise to their operating levels. However, for a device
with a diffuser, the shock wave has to be forced through the
diffuser (the second throat in the wind tunnel analogy) before the
diffuser can achieve its maximum performance. Typically, for a non-
variable area diffuser structure, this requires a short-duration
over—-pressure ratio of a factor of 2 in the flow system. If the
laser is exhausting into a vacuum system, this can be accomplished
by evacuating the exhaust duct originally to half the final opera-
ting pressure. However, if the laser is exhausting to the atmo-
sphere, the over-pressure has to be provided by the laser plenum
chambers and gas supply systems. In either case, this illustrates a
significant advantage of the normal-shock-layer concept.

The normal-shock-layer pressure-recovery concept need not be limited to
cylindrical laser geometries. That is, the flow from any laser geometry with
a supersonic medium (e.g., a linear bank) can be given enough radial proper-
ties, including treatment of the boundary flows, so that it would support a

stable normal shock layer at, or downstream of, a specified station. Thus, we

believe that this concept has a universal utility of significance in the high-

power coatinuous-wave laser field.




LABORATORY OPERATIONS

The Laboratory Dperations of The Aerospace Corporation is conducting
experimental and theoreticsl investigations necessary for the evaluation snd
application of scientific sdvances to new military concepts snd systems. Ver-
satility and flexibility have been developed to s high degree by the laborato-
ry personnel in dealing with the many problems. eacountered {n the Nation's
rapidly developing space systems. Expertise {n the latest scientific develop-
ments is vital to the accomplishment of tasks related to these problems. The
laboratories that contribute to this research are:

Aerophysics Laboratory: Aerodynamics; fluid dynamics; plassadynamics;
chealcal kinetics; engineering mechanics; flight dynamics; heat transfer;

high-power gas lasers, continuous and pulsed, IR, visible, UV; laser physics;
laser resonstor optics; laser effects and countermeasures.

Chemistry and Physice Laboratory: Atwospheric reactions and optical back-
grounds; radiative transfer and atwospheric transmission; thermsl and stste-
specific reaction rates in rocket plumes; chemical thermodynamics and propul-
sion chemistry; laser isotope separation; chemistry and physics of particles;
space environmental and contamination effects on spacecraft materials; lubrica-
tion; surface chemiatry of insulators and conductors; cathode msterials; sen-
sor materials and semsor optics; applied laser spectroscopy; atomic frequency
standards; pollution and toxic msterials wonitoring.

Electrnnics Research Laboratory: Electromagnetic theory and propagstion
phenomena; microwave and semiconductor devices and integrated circuits; quao-
tum electronics, lasers, and electro-optics; communication sciences, applied
electronics, superconducting and electronic device physice; millimeter-wave
and far-infrared technology.

Materisls Sciences Laboratory: Develop of new materials; cowposite
materials; graphite and ceramics; polymeric msterisls; weapons effects and
hardened materisls; materials for electronic devices; dimensionally stable
amaterials; chemical and structural analyses; stress corrosion; fatigue of
aetals.

Space Sciences Laboratory: Atmospheric snd ionospheric physics, radia-
tion from the stmosphere, density and composition of the stmosphere, aurorae
and airglow; magnetospheric physics, cosmic rays, generation snd propagation
of plasma waves in the magnetosphere; solar physics, x~ray astronomy; the effects
of nuclear explosions, magnetic storms, and solar activity om the earth's
atmosphere, ifonosphere, and magnetosphere; the effects of optical, electromag-
netic, and particulate radiations in space on space systems.
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